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ABSTRACT 
The Cys-His bridge as electron transfer conduit in the enzymatic catalysis of nitrite to nitric 
oxide by nitrite reductase from Sinorhizobium meliloti 2011 (SmNir) was evaluated by site-
directed mutagenesis, steady state kinetic studies, UV-vis and EPR spectroscopic 
measurements as well as computational calculations. The kinetic, structural and 
spectroscopic properties of the His171Asp (H171D) and Cys172Asp (C172D) SmNir 
variants were compared with the wild type enzyme. Molecular properties of H171D and 
C172D indicate that these point mutations have not visible effects on the quaternary 
structure of SmNir. Both variants are catalytically incompetent using the physiological 
electron donor pseudoazurin, though C172D presents catalytic activity with the artificial 
electron donor methyl viologen (kcat= 3.9(4) s
-1
) lower than that of wt SmNir (kcat= 240(50) 
s
-1
). QM/MM calculations indicate that the lack of activity of H171D may be ascribed to 
the N
1H…O=C hydrogen bond that partially shortcuts the T1-T2 bridging Cys-His 
covalent pathway. The role of the N
1H…O=C hydrogen bond in the pH-dependent 
catalytic activity of wt SmNir is also analyzed by monitoring the T1 and T2 oxidation states 
at the end of the catalytic reaction of wt SmNir at pH 6 and 10 by UV-vis and EPR 
spectroscopies. These data provide insight into how changes in Cys-His bridge interrupts 
the electron transfer between T1 and T2 and how the pH-dependent catalytic activity  of the 
enzyme are related to pH-dependent structural modifications of the T1-T2 bridging 
chemical pathway.  
 
ARTICLE INFO 
Keywords: nitrite reductase, copper, denitrification, Sinorhizobium meliloti 2011, enzyme 
mechanism, electron transfer pathway 
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Abbreviations: wt SmNir, wild type nitrite reductase from Sinorhizobium meliloti 2011; 
SmPaz, pseudoazurin from Sinorhizobium meliloti 2011; Rs, Rhodobacter sphaeroides 
2.4.3,; Ax, Alcaligenes xylosoxidans; Af, Alcaligenes faecalis S6; MV,  methyl viologen; 
QM/MM, quantum mechanics/molecular mechanics; C172D, a variant form of SmNir 
where the Cys172 ligand at the T1 copper center was mutated to aspartic acid; H171D, a 
variant form of SmNir where the His 171 ligand at the T2 copper center was mutated to 
aspartic acid 
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1. Introduction 
Green and blue copper-containing nitrite reductase enzymes (hereafter Nir) catalyze the 
second step of the denitrification process through the one-electron reduction of NO2
−
 to NO 
(E
oˈ = 370 mV) [1, 2]. In the denitrifying bacterium Sinorhizobium meliloti 2011 (Sm) this 
reaction is catalyzed by a green Nir (SmNir) coded by the structural gene nirK [3]. SmNir, 
like most green and blue Nir enzymes reported so far [4-9], presents homotrimeric structure 
with two copper atoms per monomer ~ 12 Å apart, one of type 1 (T1, also blue copper) and 
the other of type 2 (T2, also normal copper) [10]. T1 and T2 are the electron transfer and 
the catalytic centers, respectively. The T1 copper ion is tetracoordinated with three strong 
ligands, two N atoms from histidine imidazoles and a cysteine thiolate group, and a weaker 
methionine thioether group, in both blue and green Nirs [6, 11]. T2 consists of a four 
coordinate copper site bound to a labile water molecule and three N atoms from histidine 
imidazoles in a distorted tetrahedral geometry. The two copper sites are connected by two 
main chemical pathways; the shorter one, the Cys-His bridge, is thought to transport the 
electron for nitrite reduction (Figure 1); the longer pathway, which has been called the 
substrate-sensing loop, is thought to work as a relay to trigger the T1→T2 electron flow 
through the Cys-His bridge when nitrite is bound to T2 [11-15]. This sensing loop contains 
an aspartic acid residue that forms a hydrogen bond with the T2 labile water molecule in 
the resting enzyme state and with the nitrite-T2 complex which was proposed to be 
essential in catalysis (Figure 1) [16, 17]. The proposed reaction mechanism for Nirs implies 
a two-proton coupled redox reaction in which nitrite, after binding T2 site having displaced 
the copper-bound water molecule, is converted to NO by one electron delivered by an 
external physiological electron donor [12, 14, 18-20]. The physiological electron donor of 
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SmNir was identified to be a pseudoazurin (SmPaz) containing only a type 1 copper center 
[21].  
 
Fig. 1. T1 and T2 copper centers of Nir together with a scheme of the nitrite reduction 
mechanism. The coordination around the metal centers and the chemical pathways linking 
both copper centers are shown. The function proposed for each pathway is indicated on the 
figure. The arrow indicates the electron flow direction through the electron transfer 
pathway (PDB 1SNR)  
 
Catalytic activity of Nir is maximal at pH ~ 5-6 and drops rapidly at higher pH, which is 
accompanied with a decrease in T1-T2 electron transfer rate [10, 22-24]. On the basis of X-
ray structural studies of Nir from Rhodobacter sphaeroides 2.4.3, it was concluded that the 
tetrahedral geometry distortion of T2 site increases at higher pH [23]. This distortion would 
lower the T2 reduction potential by ~ 80 mV, which, together with some pH-dependent 
disorder of a non-coordinated His residue, would preclude an efficient T1→T2 electron 
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transfer at high pH. These studies also showed that though the T2 site is distorted at pH ~ 8, 
the metal center retains the capability of binding nitrite, suggesting that the lack of activity 
at high pH is not associated with substrate binding. Furthermore, the reduction potentials 
measured for most as-purified Nirs are against a favorable T1→T2 electron transfer 
reaction, which led to hypothesize that they are modulated upon interaction with nitrite and 
the physiological donor to favor electron transfer [21, 25-27]. This means that a decrease in 
potential should cautiously be taken as the possible cause of catalytic activity loss at high 
pH and that other factors such as the pH-dependent topological characteristics of the Cys-
His bridge should also be taken into consideration.  
Site directed mutagenesis studies complemented with other techniques such as X-ray 
crystallography, UV-vis and EPR spectroscopies, kinetic assays, and cyclic voltammetry 
have been used to analyze the relevance of conserved amino acid residues coordinated and 
non-coordinated to both copper centers involved in the catalytic mechanism of Nir [5, 17, 
28-37]. Some of these studies have been oriented to mutate the amino acid residues 
involved in the Cys-His chemical bridge. Mutation of the T1 cysteine ligand to alanine in 
blue Alcaligenes xylosoxidans (Ax) Nir yielded a protein form having T2 but lacking T1 
with no catalytic activity using both physiological and artificial electron donors [29]. 
Mutation of the T2 histidine ligand to lysine in green Alcaligenes faecalis S6 (Af) Nir and 
to valine in blue AxNir resulted in protein forms containing both T1 and T2 centers, but 
also completely inactive using both physiological and artificial electron donors [5, 28].  X-
ray crystal structure of the protein variant with valine showed a T2 copper coordinated to 
two His residues only. Although no crystal structure has been reported for the protein 
variant with lysine, both the long side chain of this amino acid and the positive charge of 
the -amino group at physiological pH suggest that this residue cannot coordinate the T2 
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copper. To the best of our knowledge, histidine and cysteine protein variants with amino 
acid residues having a potential coordination ability to copper have not been reported yet.  
These results altogether indicate that an intact Cys-His bridge is essential for catalysis, but 
whether the lack of activity of these protein variants was due to either a modified electron 
transfer chain or to a T2 unable to bind nitrite has not been clarified yet. The Cys-His 
bridge as electron transfer conduit was also investigated by theoretical calculations [38], 
which postulated that there are two potential T1→T2 electron transfer subpathways that can 
selectively be activated depending on the geometric and electronic structure of the T1 Cu 
site. Whereas in blue Nirs (π-type T1), electron transfer occurs through a pure covalent 
pathway that involves the protein backbone and the Cys and His side chains (Fig. 1), green 
Nirs (σ-type T1) perform a more efficient electron transfer through a hydrogen bond-
mediated pathway involving the His-N
1 
and the Cys O-carbonyl atoms that partially 
shortcuts the T1-T2 bridging covalent link (Fig. 1), although no experimental evidence 
have been reported supporting these calculations. Hereafter this hydrogen bond involved in 
the electron transfer pathway will be identified as the N
1H…O=C hydrogen bond. 
 
We report here steady state kinetic studies, UV-vis and EPR spectroscopic 
measurements, and computational calculations performed on wild type (wt) SmNir and the 
protein variants His171Asp (H171D) and Cys172Asp (C172D) obtained by site directed 
mutagenesis. These mutant proteins are used to explore the effect of modifying the T1-T2 
electron transfer chain on catalysis. The role of the N
1H…O=C hydrogen bond in the pH-
dependent catalytic activity of wt SmNir is also analyzed.  
 
2. Material and methods  
2.1. Site-directed mutagenesis 
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Site-directed mutagenesis of SmNir was performed by PCR using the p22SK vector as 
template [10] and H171D-F/H171D-R or C172D-F/C172D-R primers (see Table 1). The 
PCR mixture contained 8 ng of DNA, 1 μM of each primer, 1.25 units of Long PCR 
Enzyme Mix (Thermo Scientific), 2.5 µL of PCR reaction buffer (Thermo Scientific), 0.2 
mM dNTPs (Genbiotech)  in a total volume of 25 µL. The PCR reaction was performed on a 
Boeco TC-PRO thermocycler using the following program: 3 min at 94 °C followed by 10 
cycles of 20 s at 94 °C, 30 s at 57 °C, 7 min at 68 °C, and 20 cycles of 20 s at 94 °C, 30 s at 
57 °C, 7 min + 2 s/cycle at 68 °C, and final elongation at 68 °C for 10 min.  After 
amplification procedure, 1 L of Dpn I restriction enzyme (Promega) was added to the 
constructs  and maintained at 37C for 1 h to eliminate parental methylated and 
hemimethylated templates. Competent E. coli DH5 cells were transformed with digested 
mixtures. The resulting plasmids encoded the SmNir variants H171D and C172D. The 
DNA sequences of both variants were verified by using the Sanger method [39]. 
 
Table 1 
 Primers used to mutate H171 and C172 residues 
Primer Sense Sequence Variant 
H171D- F forward 5’-CTTCGTCTACGACTGCGCA- 3’ 
H171D 
H171D- R reverse 5’-TGCGCAGTCGTAGACGAAG- 3’ 
C172D- F forward 5’- GTCTACCACGACGCACCTC- 3’ 
C172D 
C172D- R reverse 5’- GAGGTGCGTCGTGGTAGAC- 3’ 
 
2.2. Protein heterologous production and purification 
E. coli BL21 (DE3) cells were transformed with p22SK, p22SK_H171D and 
p22SK_C172D vectors. Each transformed strain was grown aerobically in Lysogeny Broth 
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containing 100 µg/mL ampicillin at 200 rpm and 37 ºC. Once A600 reached 0.6, the culture 
medium was supplemented with 0.6 mM CuSO4×5H2O and the protein expression was 
induced for 3 h with 0.2 mM Isopropyl-β-D-thiogalactopyranoside (IPTG) at 30 ºC for cells 
transformed with p22SK and p22SK_H171D, and 0.05 mM IPTG at room temperature for 
cells transformed with p22SK_C172D.  
Cells were then harvested by centrifugation at 5000 × g for 15 min, resuspended in 10 
mM Tris-HCl buffer pH 7.0 and disrupted by sonication. The soluble extract was recovered 
by centrifugation at 12000 × g for 30 min and dialyzed overnight against 10 mM Tris-HCl 
buffer pH 8.0.  The soluble extract containing the C172D variant was subjected to salting 
out using ammonium sulfate, which was added to the crude extract to a final concentration 
of 20 % (w/v) with gentle stirring and incubated for 30 min at 4ºC. Soluble protein was 
collected by centrifugation at 10000 × g for 30 min and dialyzed overnight against 10 mM 
Tris-HCl buffer pH 8.0. 
Extracts were loaded onto a DE52 matrix equilibrated with 10 mM Tris-HCl (pH 8.0 for 
the variants or 7.0 for wt SmNir). Wild type SmNir and H171D were visualized as intense 
green and gray bands, respectively, whereas C172D was not visually detected. The column 
was washed with two volumes of equilibration buffer to remove unbound proteins. Then, 
an ionic strength gradient was performed using five column volumes with NaCl from 0 to 
600 mM in 10 mM Tris-HCl buffer. Pure protein fractions were pooled and dialyzed 
against 10 mM Tris-HCl buffer pH 7.0, concentrated to approximately 18 mg mL
-1
 on an 
Amicon Ultra 30 K NMWL device, and stored at -80 °C until use. Purity was evaluated by 
SDS-PAGE. 
SmPaz was produced and purified as described previously [21]. 
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2.3. Protein quantification, molecular mass determination, and copper content 
Protein concentration was determined using the Lowry method with bovine serum 
albumin as standard [40].  
Protein copper content was determined by Atomic Absorption Spectrometry (Perkin 
Elmer PinAAcle 900T). 
Molecular masses of as-isolated proteins were estimated by gel filtration 
chromatography (Superdex 200 HR 10/30 column, GE Healthcare) connected to a FPLC 
device (Akta Basic, GE Healthcare). The column was equilibrated with 50 mM sodium 
phosphate buffer pH 7.0 plus 150 mM NaCl and calibrated with ferritin (440 kDa), aldolase 
(158 kDa), conalbumin (75 kDa), carbonic anhydrase (30 kDa), and ribonuclease A (13.7 
kDa). Isocratic elution was performed at a flow rate of 0.4 mL min
-1
 with detection at 280 
nm. The molecular mass of the subunits was estimated by SDS-PAGE according to the 
method of Laemmli [41]. Samples were loaded onto a 15% denaturing polyacrylamide gel 
after treatment with sample buffer for 5 min at 100 °C. Mid-range molecular weight protein 
standards from Genbiotech were used (Figure S1).  
 
2.4. Activity assays 
Activity screening was performed with a continuous method monitoring how dithionite-
reduced SmPaz is oxidized by SmNir when nitrite is added, as described elsewhere [21]. 
Kinetic assays using methyl viologen (MV) as electron donor were performed using a 
discontinuous method adapted from a protocol described previously [42, 43]. Solutions 
containing variable concentrations of sodium nitrite (0-4 mM range) and reduced methyl 
viologen (1.4 mM plus 100 mM sodium dithionite) were mixed to a final volume of 200 
μL. All solutions were prepared in a buffer containing MES, CAPS, and Tris-HCl pH 6 (30 
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mM each). The kinetic reaction was started by adding 50 µL of 250 nM protein and 
incubated for 2.5 min at 25 °C. To stop the reaction, 25 μL of each mixture was added to 
the buffer solution (final volume 250 μL) and immediately vigorously stirred. The solution 
was reacted with 250 μL of sulfanilamide (1 % in 3 M HCl) and 250 μL of N-(1-
naphtyl)ethylendiamine (10 % in buffer) for 10 min, after which a pink color was 
developed. Absorbance was recorded at 540 nm. The consumed nitrite was determined by 
comparing the absorbance against a reaction blank without SmNir. 
Kinetic studies were also carried out by cyclic voltammetry as previously reported but 
using a 3 mm diameter pyrolytic graphite disk working electrode [21]. Measurements were 
performed on a Teq_4 potentiostat/galvanostat (NanoTeq) and data analyzed using the 
Teq_4 software package from NanoTeq. Voltammetry results obtained with these 
modifications did not differ from those previously obtained with a gold disk electrode.   
 
2.5. Spectroscopic methods 
Absorption spectra were recorded at room temperature on a Shimadzu UV-1800 UV-vis 
spectrophotometer.  
X-band EPR measurements were performed on a Bruker EMX Plus spectrometer 
equipped with a universal high sensitivity cavity (HSW10819 model) using a Bruker 
nitrogen continuous-flow cryostat. Spectra were acquired under non-saturating conditions. 
Experimental: microwave frequency, 9.45 GHz; modulation field, 100 kHz; modulation 
amplitude, 2 G; microwave power, 2 mW; temperature, 100 K. EPR spectra were simulated 
with the EasySpin toolbox based on MATLAB
®
 [44].  
Samples for EPR spectroscopy were concentrated to ~200 μM monomeric protein by 
using an Amicon device. Degassed solutions of sodium ascorbate and sodium dithionite 
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were withdrawn with gastight syringe from the vessels containing the respective solutions 
and loaded into argon-flushed EPR tubes containing protein samples (~ 200 µL) followed 
by gentle mixing. The EPR tubes were frozen with liquid nitrogen and kept under these 
conditions until use.  
2.6. Computational Methods  
Since the X-ray structure of SmNir and their variants are not available, we performed a 
protein structure homology modelling using the SWISS-MODEL automated server [45-48]. 
The template structure used was AfNir (PDB 1SNR) which primary amino acid sequence 
shows about 84% of identity with wt SmNir. The high sequence identity, the full conserved 
residues coordinated to the copper centers, and the results of the test performed indicate 
that the structural model for SmNir and their variants has enough quality for the objective 
of the present study. The T2 copper atom was automatically added by the SWISS-MODEL 
server, while the T1 copper atom was added at the position corresponding to that of AfNir. 
The hydrogen atoms and the protonation states of the titratable residues (e.g. His, Glu, 
Asp) were added using the empirical PROPKA procedure using the pdb2pqr server at pH  7 
[49]. The structure was solvated with water molecules within 30 Å around the metal centers 
using the VMD program with default parameters [50]. 
 In order to neutralize the system, 22 Na
+
 ions were added. A short molecular dynamics 
simulation was performed to relax the hydrogen atoms and the solvation water molecules 
by fixing the backbone atoms of all residues.  
The combined quantum mechanics/molecular mechanics (QM/MM) calculations 
implemented in Gaussian 09 code [51] were performed to model various aspects of the 
structure of both wt SmNir and variants, such as stability, strength in binding of ligands, 
reorganization upon nitrite binding, the chemical path Cu-His-Cys-Cu vs Cu-Asp-Cys-Cu 
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and vs Cu-His-Asp-Cu, metal to ligand spin delocalization, and spin-spin interaction 
between copper atoms. 
 For the QM part two functionals were used, the spin-polarized WB97XD functional 
including empirical atom-atom dispersion corrections [52] and the B3LYP [53, 54], 
whereas for MM part the Amber classical force field was used [55]. The basis set for the 
atoms in the QM part was 6-31G(d). 
We treated at the QM part the residues His342B, His136, and His171 (Asp171 for 
H171D), which ligand the copper atom at T2; His131, His181, Met186, and Cys172 
(Asp172 for C172D), which ligand the copper atom at T1, and the second sphere residues 
Asp134, His291B, and Ile293B. In addition, five buried water molecules surrounding the 
T2 center were added based on the structure of AfNir (PDB 1AS7) named accordingly with 
this structure as 1200-A, 578-B, 584-B, 619-B, and 1201-B. To model the resting state of 
the proteins a water molecule named 503-B coordinated to copper at T2-A was included in 
the QM part in both wild type and variant structures. N
1
 and N
2 
of His291 were 
considered to be protonated while Asp134 was deprotonated, as suggested elsewhere [19, 
56]. To study how wt SmNir and variants bind the nitrite molecule, a NO2
-
 ion was 
coordinated to the T2 copper atom in a bidentate way through the O-atoms. The rest of the 
residues were treated at the MM level of theory. The structure of wt SmNir and both 
variants were optimized with the QM residues free to relax and keeping fixed in position 
the atoms treated with MM.  
 
3. Results and Discussion 
3.1.  Molecular and spectroscopic properties of H172D and C171D 
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SDS-PAGE showed a unique band with molecular mass of ~ 42.5 kDa for both mutant 
proteins, (Figure S1), whereas gel filtration analysis indicated a trimeric structure, in line 
with SmNir [10]. This suggests that both point mutations do not affect the quaternary 
structure of SmNir.  
Metal analysis identified 1.9(1) Cu/monomer for H171D, in agreement with the values 
expected for Nir having fully occupied T1 and T2 copper sites. In contrast to wt SmNir and 
H171D, C172D showed metal contents ranging from 0.7 to 1.3 Cu/monomer, lower than 
that expected for a protein that can potentially incorporate 2 Cu/monomer. 
Fig. 2 shows the UV-vis absorption spectra of both protein variants together with that of 
wt SmNir at pH 6, the pH value where wt SmNir shows maximal enzyme activity [10]. The 
absorption spectrum of as-purified H171D (red line) shows absorption maxima at 466 nm 
(2.3 mM
-1
cm
-1
) and 579 nm (2.1 mM
-1
cm
-1
), similar to those of wt SmNir (black line, 
maxima at 456 nm, 3.3 mM
-1
cm
-1
, and at 586 nm, 2.9 mM
-1
cm
-1
). These bands are typical 
of green T1 copper sites [57], indicating that the mutation of His to Asp does not 
significantly modify the T1 site. The spectra showed no significant differences with pH in 
the 5-10 range (not shown) for both wild-type and H171D, which indicates that T1 is not 
affected by any acid-base equilibrium. The addition of sodium ascorbate or sodium 
dithionite led to the disappearance of all visible bands of H171D (not shown), as described 
for wt SmNir [10]. This indicates that the reduction potential of T1 is not significantly 
modified by the point mutation. As expected, the UV-vis spectrum of C172D did not show 
the typical T1 absorption bands, as the Cys ligand is essential to yield the typical 
spectroscopic features of T1 (Figure 2, blue spectrum). 
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Fig. 2. UV-vis absorption spectra of wt SmNir, H171D, and C172D. The electronic 
transitions indicated on the figure are based on assignments reported elsewhere [58]. 
 
Representative EPR spectra of wt SmNir (upper), H171D (medium), and C172D (lower) 
obtained under different experimental conditions at pH 6.0 are shown in Fig. 3 (black solid 
lines) together with simulation (orange dotted lines). Experimental EPR spectra “a” and “b” 
correspond to as-purified and ascorbate reduced proteins, respectively. Simulation of as-
purified wt SmNir EPR signal showed two overlapped spectral components associated with  
T1 (blue line,  g1,2,3=2.190, 2.052, 2.023; A//= 7 mT) and T2 (red line, g1,2,3= 2.315, 2.070, 
2.065, A//= 15 mT). Whereas the T1 center is completely reduced to the diamagnetic Cu
+
 
oxidation state upon sodium ascorbate addition, only a small fraction (~ 10 %) of the T2 
center remains as Cu
2+
 (spectrum b, upper panel).  EPR analysis of as-purified H171D 
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(medium panel)  yielded a good simulation assuming three overlapped nearly axial EPR 
signals, one corresponding to T1 (g1,2,3=2.183, 2.052, 2.023; A//=7.5 mT, blue), and other 
two T2 signals with different intensity ratio identified with roman numerals (T2I
H171D
: 
g1,2,3=2.330, 2.075, 2.035, A//=15 mT, red line; T2II
H171D
: g1,2,3=2.280, 2.075, 2.030; A//=17 
mT, green line; T1:T2I:T2II ratio of 1:0.35:0.65). T1
H171D
 and T2II
H171D
 centers are reduced 
to the Cu
+
 diamagnetic state upon addition of sodium ascorbate excess, whereas T2I
H171D
 
partially remains in the oxidized form (spectrum b, medium panel). Addition of sodium 
dithionite excess under anaerobic conditions reduces completely the three copper species of 
H171D (not shown). The behavior towards sodium ascorbate and sodium dithionite of 
T1
H171D
 and T2II
H171D
 is similar to that observed for both copper centers of wt SmNir (Fig. 
3, upper panel A) and Nirs from other sources [20, 21, 23, 26, 32], in line with reduction 
potentials falling in the range of 300 mV to 0 mV vs SHE. In contrast, the reduction 
potential of T2I
H171D
 falls in the range of 0 mV to 400 mV, which is a value rather unusual 
for T2 centers of Nirs. Spin quantification of the EPR signal of as-purified H171D yielded 
~ 2 spin/monomer, which indicates that T1 and both T2 species are completely oxidized 
under aerobic conditions. 
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Fig. 3. EPR spectra (solid black lines) of wt SmNir (upper), H171D (medium), and C172D 
(lower) together with simulation. Simulations (orange dotted lines) are obtained by adding 
the individual components (colored solid lines). Spectra “a” in all panels correspond to as-
purified protein whereas spectra “b” were obtained using an ascorbate/protein ratio of ~ 
10:1. Spectral components associated with the different copper centers were identified by 
redox titrating the protein samples with increasing amounts of sodium ascorbate under 
anaerobic conditions.  
 
As-purified C172D (lower panel) showed two type 2 Cu EPR spectral components in the 
same ratio, and, as expected, no T1 EPR signal.  (T2I
C172D
= g1,2,3=2.315, 2.075, 2.070, A1= 
15 mT, red line; T2II
C172D
: g1,2=3=2.270, 2.045, A1= 18 mT, green line). EPR features and 
redox behavior of T2I
C172D
 are very similar to that of T2 of as-purified wt SmNir, 
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suggesting that this center corresponds to the catalytically active copper site. In contrast, 
T2II
C172D
 is reduced to ~ half of the original intensity upon sodium ascorbate addition 
(spectrum b), indicating a more negative reduction potential than that of T2I
C172D
. The EPR 
features of T2II
C172D
, like those of T2II
H171D
, have no resemblance with any previous EPR 
signal reported in closely related enzymes. Spin quantification of T2 EPR signals of C172D 
yielded spin concentration of the order of the copper content, which indicates that copper 
ions of both T2I
C172D
 and T2II
C172D
 centers are completely oxidized in the as-purified 
protein. As said above, metal analysis of C172D yielded copper contents in the range of 0.7 
to 1.3 Cu/monomer. This variability in copper content contrasts with that found in both wt 
SmNir and H171D (~ 2 Cu/monomer) and reflects the inability of C172D to incorporate a 
full metal content. Considering the inherent uncertainty in protein metal determination, the 
copper content of C172D suggests that copper is incorporated only at the level of the active 
site, in which case the two distinct EPR signals would indicate some T2 inhomogeneity. 
However, the facts that C172D shows essentially the same EPR signal in the range 0.7-1.3 
Cu/monomer, i.e. EPR signals are independent of the protein metal content, and that there 
is not any structural reason at level of the active site justifying some inhomogeneity, 
suggest that copper ions associated with T2II
C172D
 could be incorporated at the original T1 
site. These possibilities will be assessed by theoretical calculations below.  
Since wt SmNir shows slight modifications in both g// and A// values upon nitrite-T2 
interaction [10, 26, 32], we investigated the T2 EPR behavior of both protein variants upon 
sodium nitrite addition (Fig. S2).  Both T2 EPR signals of H171D and that of T2II
C172D
 were 
not modified upon sodium nitrite addition, which suggests that these T2 sites do not behave 
like a typical T2 active site. In contrast, T2I
C172D
 shows a behavior similar to that observed 
for T2 of wt SmNir, indicating that this center could be catalytically competent.  
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3.2. Kinetic assays using MV and SmPaz as electron donors.  
Steady state kinetic studies using the artificial electron donor MV indicated that H171D 
showed no detectable activity under the assay conditions, whereas C172D exhibited very 
low activity (kcat= 3.9(4) s
-1
) compared to that of wt SmNir (kcat= 240(50) s
-1
), showing that 
this protein variant retains some ability to catalyze nitrite to NO. The latter is in contrast 
with the mutation of Cys to Ala in AfNir, which showed no activity using the same electron 
donors [29]. The low turnover number observed for C172D could be attributed to slow 
substrate binding rates (i.e. small kon and/or large koff), which is in line with the decrease in 
Km value (Km = 1.4(3) mM for C172D, Km = 3.6(3) mM for wt SmNir, Fig. S3). Note that 
the Km value reported here for wt SmNir is different to that reported previously [10], due to 
the different experimental conditions employed in the kinetic assay (see experimental 
section for details). This fact suggests that both MV oxidation and nitrite reduction might 
occur through a ping-pong mechanism occurring completely at the active site. Then, for 
steric reasons it is expected a substituted enzyme mechanism without accumulation of 
ternary complex, implying that nitrite should bind T2 in its Cu
+
 state. There are some 
examples in the literature of Cu(I) and Cu(II) complexes which can reduce nitrite to NO 
[59, 60]. The reduction of nitrite in a Cu
+
 site might explain the low turnover number 
observed in C172D relative to that of wt SmNir, since T2(Cu
+
)-nitrite interaction is 
electrostatically less favorable than that for T2(Cu
2+
)-nitrite complex.  
Kinetic studies with the physiological electron donor SmPaz using steady state kinetics 
(Fig. S4A) and protein electrochemistry (Fig. S4B and S4C) showed no activity towards 
nitrite in both protein variants. 
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3.3.  QM/MM studies of  SmNir and its protein variants 
QM/MM calculation was started from a homology model of a known structure of the 
green type AfNir, as described in Computational Methods (section 2.6). The resulting wt 
SmNir structure is presented in panel A of Fig. 4 compared with a recent crystal structure of 
wt AfNir (PDB 5F7B), which showed a T2 site with the apical O atom assigned to a water 
molecule in two possible positions with 30 % and 70 % occupation (see Figure 4) [19]. As 
shown in this figure, both structural models are similar and show an r.m.s deviation of 0.2 
Å for the atoms treated as QM. The water molecule 503B coordinated to T2 (dCu-O= 1.90 Å) 
ends in a position close to the water molecule with lower occupancy in the X-ray AfNir 
structure (Fig. 4) [19]. This T2 water ligand is also hydrogen bonded to the closest Asp134, 
which forms part of the sensing loop (Fig. 1). In addition, the hydrogen bond between N
1
 
of His171 and the carbonyl O atom of Cys172 present in AfNir was also obtained in our 
model. All the water molecules included in our model whose positions were 
crystallographycally determined showed no significant differences in atomic coordinates 
relative to those determined by X-ray data. We thus concluded that our QM/MM model of 
wt SmNir is robust enough to continue with the proposed goals. All QM/MM structures in 
PDB format are available upon request. 
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Fig. 4. A) Superposition of optimized QM/MM structure of wt SmNir (green) with the X-
ray structure of wt AfNir (gray, PDB 5F7B). B) Superposition of optimized QM/MM 
structures of H171D (blue) with that of wt SmNir. C) idem B but for C172D (red). The 
N
1H…O=C hydrogen bond is depicted as dotted lines. Only atoms treated by QM are 
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shown. Hydrogen atoms were removed for clarity. PDB files obtained by QM/MM for wt 
SmNir, H171D, and C172D can be obtained upon request. 
 
Comparison of wt SmNir and H171D QM/MM structures is presented in panel B of Fig. 
4. The T1-T2 distance reduced from 12.6 Å to 12.2 Å due to the slightly shorter length of 
Asp compared with His. The T1 site is similar in both structures, in line with the UV-vis 
and EPR results, while the T2 site of the protein variant shows the side chain carboxylate of 
Asp171 coordinated to the copper atom in an essentially monodentate fashion (dCu-O of 1.90 
Å and 3.03 Å). All attempts to move the carboxylate group and to rotate the backbone 
yielded always the coordination mode showed in the fig., i.e. monodentate is the most 
stable structure as observed in solid state copper complexes with aspartic acid [61, 62]. 
These results suggest that the carboxylate binding mode is determined by competition with 
His342 and His136 at the T2 site and also with the T1 site residues. Similar to wt SmNir, 
H171D presents a water molecule coordinated to the T2 copper atom at 1.90 Å. This water 
molecule is stabilized through a strong hydrogen bond with Asp134 and a somewhat 
weaker bond with the bridging water 1200A, which is also hydrogen bonded to the second 
sphere ligand His291. This fact, together with that all water molecules treated at quantum 
level and non-exchanged amino acids maintained their positions respect to the wt structure, 
is indicating that the amino acid exchange does not affect the rest of the protein considered 
essential for catalysis, e.g. the sensing loop peptide bridge and the H-bonded water 
molecules network (QM/MM structures in pdb format are available upon request). The 
same conclusion was obtained for the C172D variant presented below. However, EPR 
spectral analysis showed two different type 2 copper sites, which reveals certain 
inhomogeneity in the structure of T2. This T2 inhomogeneity could be ascribed either to 
different positions of the T2 water ligand, as observed in the closely related AfNir [19], 
and/or to a different coordination mode of the aspartic acid moiety (Asp171), as observed 
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in X-ray structural data of Mo-containing proteins in which aspartic acid side chain can 
adopt mono- or bidentate coordination modes [63].  Another remarkable structural feature 
is the absence of the N
1H…O=C hydrogen bond in the T1-T2 pathway proposed to be 
essential in the electron transfer of green Nirs [38]. Hence, the T1-T2 bridging pathway in 
this protein variant is rather different compared to that of wt SmNir, which could be a 
possible cause for the lack of catalytic activity of H171D.  
To analyze whether the lack of activity of H171D is a problem of nitrite binding at T2 or 
to an inefficient T1-T2 electron transfer pathway, we performed QM/MM calculations on 
nitrite-bound forms of both wt SmNir and H171D (PDB files obtained are given as 
supplementary material). Calculations on the protein variant showed that, like in wt SmNir, 
nitrite coordinates to T2 in a bidentate fashion through the O atoms, as observed in the X-
ray structure of nitrite soaked Nir crystals [64, 65], and also observed in several copper 
complexes [66-68]. Our calculations show a coordination mode forming an angle of 10° 
and 5° between ONO and OCuO planes for wt SmNir and H171D, respectively, in line with 
previous calculations [66], but slightly lower than the one obtained in some X-ray 
structures of Nir.[19, 64] The position of the nitrite anion is primarily stabilized by Asp134 
and Ile293. Since the reaction mechanism of Nirs implies the oxygen ligand removal for 
nitrite binding, we evaluated the energetic cost of removing this ligand in both wt SmNir 
and H171D. This calculation showed that the relative energy to remove the T2 oxygenic 
ligand in both protein forms is similar (Fig. S5), implying that the lack of activity of 
H171D cannot be ascribed to a substrate-active site binding reason. These results altogether 
suggest that the lack of catalytic activity in this protein variant is due to an inefficient T1-
T2 electron transfer pathway, more specifically to the absence of the proposed electron 
transfer pathway N
1H…O=C hydrogen bond. 
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Panel C of Fig. 4 compares QM/MM structure of C172D with that of wt SmNir 
assuming that the protein variant contains 2 copper atoms per monomer. Since C172D 
showed copper contents in the range of 0.7 to 1.3 Cu/monomer, which is not conclusive 
whether the original T1 site is metallated or not, calculations for this protein variant were 
also performed assuming that only the active site is metallated. A superposition of the 
C172D structures assuming 1 and 2 copper atoms per monomer is given as supplementary 
material (Fig. S6). T2 site in both structural models is similar to that of wt SmNir, showing 
only small differences in binding distances of the imidazole moieties. Also, the hydrogen 
bond proposed to be essential in the electron transfer is conserved in both cases. For the 2 
Cu/monomer-containing C172D structural model, calculations showed a copper center at 
the original SmNir T1 site in a tetrahedral coordination as in wt SmNir in which the aspartic 
acid carboxylate side chain is bound in a monodentate fashion with Cu-O distances of 1.97 
Å and 4.05 Å. The presence of two copper centers in this protein variant is in line with the 
two distinct T2 EPR-detected copper centers, which implies that the catalytically active 
T2I
C172D
 center should correspond to the active site, whereas T2II
C172D
 to the modified T1. 
Note that this possibility would imply the coexistence of four protein subpopulations: one 
where both available coordinating environments contain copper, another one without 
copper, and two others in which copper is present only at T2 or only at modified T1. 
However, as the copper content in the mutant protein yielded values around 1 copper atom 
per monomer, and that there are no observable d-d transitions associated with a Cu(II) ion 
at the modified T1 center (see Fig. 2), it cannot be excluded that only the active site is fully 
occupied, in which case the two EPR signals should correspond to some inhomogeneity in 
this copper center.  
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3.4.  Nitrite reoxidation of reduced SmNir: Role of the N1H…O=C hydrogen bond in 
T1-T2 electron transfer 
Catalytic activity of SmNir as well as those of other Nirs showed an important pH 
dependence with maximal activity around pH 5-6 and almost undetectable activity at pH > 
9 [10, 22, 23, 69, 70]. This pH dependence has been suggested to be produced by different 
factors such as structural modifications of T2, mainly a rotation of the Cu-H2O bond, T2-
neighboring amino acids changes, and proton transfer from Asp 134 to nitrite bound T2 
copper center, which triggers T1-T2 electron transfer [20, 23, 24, 71]. However, our results 
on H171D and C172D protein variants suggest that the N
1H…O=C hydrogen bond of the 
Cys-His bridge may also play an important role in electron transfer between both copper 
centers. 
To obtain experimental support on the latter possibility, we evaluated the EPR and UV-
vis spectroscopic behavior of dithionite reduced SmNir at pH 6 and 10 upon nitrite addition 
(Fig. 5).  In contrast to that observed at pH 6 (Fig. 3), SmNir at high pH showed two T2 
type overlapping EPR signals with an intensity ratio of 0.65:0.35; a simulation of the EPR 
spectrum at pH 10 is given in Fig. S7. The signal with minor intensity (g1,2,3= 2.231, 2.056, 
2.038, A1= 20.7 mT) likely corresponds to non-protein copper ion species produced during 
pH increase, assignment based on the fact that a solution of copper sulfate in the protein 
buffer showed the same signal. Hence, the more intense EPR component corresponds to the 
T2 center, but with a different structure to that at pH 6, as indicated by the different EPR 
parameters obtained by simulation (g1,2,3= 2.345, 2.105, 2.045; A1= 11.5 mT). The pH-
dependent structural changes of T2 are reversible, as the T2 EPR signal at pH 6 is 
recovered upon pH cycling the enzyme. That the process is reversible was also confirmed 
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by kinetic assays that showed that the pH cycling of the enzyme recovered the enzyme 
catalytic activity.  
Given that both structure and function are reversible on pH cycling, we evaluated the 
kinetic ability of SmNir at both pH using sodium dithionite as electron donor by adding an 
excess of nitrite relative to dithionite monitoring the oxidation state of each copper centers. 
Left panels of Fig. 5 show these experiments for the active enzyme at pH 6, in which 
reoxidation of both copper centers is shown by EPR whereas T1 reoxidation by UV-vis. 
These results confirm both nitrite/T2 interaction and T1-T2 ET pathway integrity at pH 6. 
A different situation is observed when the same experiment is conducted at pH 10 (right 
panels). The EPR spectrum c showed the partial recovery of the Cu
2+
-T2 EPR signal, 
whereas the UV-vis spectrum c did not show the Cu
2+
-T1 absorption bands upon nitrite 
addition. The former clearly indicates that the T2 center can react with nitrite at pH 10, in 
line with X-ray structural data of RsNir at high pH [23], whereas the absence of 
spectroscopic features associated with oxidized T1 indicates that the lack of activity at pH 
> 9 under the experimental conditions of the method is caused by a deficient T1-T2 
electron transfer. 
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Fig. 5. Reoxidation experiments of dithionite reduced SmNir at pH 6 (left panels) and 10 
(right panels) monitored by EPR (upper) and UV-vis (lower) spectroscopies upon sodium 
nitrite addition. Spectra a, as-purified SmNir; spectra b, dithionite reduced SmNir; spectra c, 
idem b but upon addition of nitrite excess (nitrite:dithionite ratio of 5:1). 
 
As commented above, T1-T2 electron transfer rate with and without nitrite is pH dependent 
and presents a maximum around pH 6. Our present results show that the T2 site at high pH 
can reoxidize nitrite, and hence the loss of activity may be ascribed to an interruption of the 
T1-T2 electron transfer pathway. The T2 reoxidation implies that the two proton-coupled 
nitrite reduction can be carried out independently of the pH of the reaction mixture, 
whereas the absence of the T1 UV-vis features points to structural modifications of the 
Cys-His bridge. The unique pH-dependent molecular structure in this pathway is the 
N
1H…O=C hydrogen bond that shortcuts the T1-T2 covalent bridge (Fig. 1 and 4), which 
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is suggesting that at high pH this hydrogen bond can be broken by proton transfer to either 
an acceptor group (e.g. a neighboring carbonyl group) or to a solvent molecule. This 
assumption is based on theoretical studies of Zn-containing proteins and model systems 
that showed that the metal-coordinated histidine imidazole moiety may be deprotonated in 
those cases of solvent exposed metal centers with strong Lewis acid character, which in 
addition must have neighboring proton acceptors in the histidine imidazole vicinity [72].  
Both T1 and T2 centers in as-purified Nirs constitute a paramagnetic binuclear system of 
two S=1/2 spins. Determining the isotropic exchange interaction that couples both spins is 
important as its value is directly related to the electron transfer rate between T1 and T2 
when the exchange and electron transfer pathways are the same [73]. Our experimental and 
theoretical results show that the presence of the N
1H…O=C hydrogen bond that shortcuts 
the T1-T2 covalent bridge is essential in T1-T2 electron transfer process, which means that 
evaluating the T1-T2 exchange interaction associated with this chemical pathway could be 
useful to give some insight in the Nir reaction mechanism. Previous theoretical studies of 
Nirs evaluated that the copper centers are coupled by isotropic exchange with 2J= -0.066 
cm
-1
 (Hex= -2J S1.S2) [38]. Consequently, we performed computational calculations to 
evaluate the exchange interaction in SmNir and its variants using a method we reported 
previously for bioinorganic model systems [74]. Our computational results regarding the 
magnitude of T1-T2 exchange interaction are not conclusive, since the calculated J-values 
fell within the error limit of the method (~ 0.01 cm
-1
). This is in line with EPR experimental 
results that did not detect measurable exchange interaction between copper centers (The J-
value lower limit detected by X-band CW EPR is of the order of ~ 0.001 cm
-1
). That no J-
value was detected could be a matter of controversy. One can wonder whether this rather 
weak hydrogen bond (dD-A ~ 2.8 Å) plays an essential role in T1-T2 electron transfer or not. 
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Our experimental kinetic results indicate that this might be the case. We have recently 
reported that very weak hydrogen bonds with dD-A distances > 2.8 Å like that of Nirs can 
transmit non-negligible exchange interactions (0.02 < J < 0.8 cm
-1
). The fact that in this 
work isotropic exchange interaction could be neither theoretically calculated nor 
experimentally measured is evidently associated with the long linear T1-T2 distance (~ 12 
Å). 
 
4. Conclusion 
The two mononuclear copper centers of SmNir are bridged by a Cys-His chemical 
pathway which acts as electron transfer conduit for nitrite reduction. This chemical 
pathway involves two subpathways: a pure covalent one formed by the protein backbone 
and the Cys and His side chains, and a second one that includes the N
1H…O=C hydrogen 
bond that partially shortcuts the covalent pathway. Mutation of the histidine moiety to 
aspartic acid yielded a protein variant containing T1 and T2 centers bridged by a single 
covalent pathway which does not show the hydrogen bond named above. This variant 
retains the ability to bind nitrite but is catalytically incompetent with both artificial and 
physiological electron donors, which suggests the relevance of the hydrogen bond in T1-T2 
electron transfer. Mutation of cysteine to aspartic acid yielded a protein variant with two 
type 2 copper centers with one of them being identical to the wt SmNir T2 active site. 
C172D is, like H171D, inactive towards nitrite with the physiological electron donor, but 
active using artificial electron donors. This confirms that nitrite reduction can occur entirely 
at T2 through a substituted enzyme mechanism without accumulation of ternary complex.  
Investigating the catalytic activity of SmNir as a function of pH showed that the enzyme 
presents maximal activity around pH 5-6 and almost undetectable activity at pH > 9 and 
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that its structure and function are completely reversible upon pH cycling. Reoxidation 
experiments showed that at high pH the T2 site can produce the two-proton coupled 
reduction of nitrite in a T1-decoupled way, as observed for the C172D variant. This fact 
confirms that the loss of activity at high pH is due to reversible structural modifications of 
the T1-T2 electron transfer pathway. Previous studies hypothesized that the pH-dependent 
catalytic activity originates from structural modifications of both T2 and T2-neighboring 
amino acids which would preclude T1-T2 electron transfer. In contrast, our studies on 
SmNir point to the rupture of the N
1H…O=C hydrogen bond in the Cys-His bridge as the 
possible cause. Despite the electronic structures of T1centers in blue and green type Nir 
being different, the N
1H…O=C hydrogen bond is present in both types of enzymes, which 
suggests that T1-T2 electron transfer should be conducted through this hydrogen bond in 
both type of enzymes. However, whether present results in a green type Nir can be 
extrapolated to blue type ones or not requires of additional experimental work. 
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Highligths 
 Cys-His bridge electron transfer pathway in a copper-containing nitrite reductase 
 Site-directed mutagenesis, spectroscopic, and computational methods. 
 Protein variants are catalytically incompetent towards physiological electron donor 
 Changes in the Cys-His bridge interrupts the T1-T2 electron transfer  
 The N1H…O=C hydrogen bond is essential for catalysis 
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